ABSTRACT We isolated and determined the sequences oftwo human germ-line heavy chain variable region (VH) genes and compared them with mouse VH genes. The The variable region of the immunoglobulin heavy chain is encoded in the germ line in three separate DNA segments: VH, DH, andJH (1-3). Three ofthe framework regions (FRs) and two of the complementarity-determining regions (CDRs) are included in the coding region of the VH segment whereas recombination between variable (V), diversity (D), and joining (J) segments is necessary to form the expressed VH gene. It is likely that there are several hundred VH gene segments organized in tandem with spacers of 8-15 kilobases (4-6). The multitude of V region amino acid sequences has been subdivided into subgroups that show a higher extent of homology and linkage between some amino acids along the chain (7-9). However, comparison of the amino acid sequences of mouse and human VH does not always allow the affiliation of V regions from the different species to homologous subgroups (10); the DNA sequences of the VH genes may provide a better tool for comparison of homologous subgroups in various species. Hybridization with VH DNA probes showed a correlation between the extent of cross-hybridization and VH gene subgroups (11) . It VH families (11) and comparison of VH genes from different species will increase our understanding of the structural features that characterize a subgroup in coding and noncoding regions. We isolated human germ-line VH genes by cross-hybridization with mouse VHII genes (6). The DNA sequence shows that the human genes are homologous to human VHI (subgroup I), as defined by Kabat et al. (14) and we will refer to the human genes analyzed here as human VHII genes. The homology between mouse and human VHII genes is preserved in the size [84 base pairs (bp)] and also in the sequence ofthe intron present at codon 4. Another VH gene subgroup (VHIII) contains a longer intron (102 bp) in both mouse and human (11). The homology in both intron and framework codons between mouse and human genes of the same subgroup is greater than between VH genes ofdifferent subgroups in the same species. The sequence also suggests that DNA repeats at the 5' and 3' regions flanking the VH gene can form a large stem-and-loop structure that may facilitate saltatory replication (15 
The variable region of the immunoglobulin heavy chain is encoded in the germ line in three separate DNA segments: VH, DH, andJH (1) (2) (3) . Three ofthe framework regions (FRs) and two of the complementarity-determining regions (CDRs) are included in the coding region of the VH segment whereas recombination between variable (V), diversity (D), and joining (J) segments is necessary to form the expressed VH gene. It is likely that there are several hundred VH gene segments organized in tandem with spacers of [8] [9] [10] [11] [12] [13] [14] [15] kilobases (4) (5) (6) . The multitude of V region amino acid sequences has been subdivided into subgroups that show a higher extent of homology and linkage between some amino acids along the chain (7) (8) (9) . However, comparison of the amino acid sequences of mouse and human VH does not always allow the affiliation of V regions from the different species to homologous subgroups (10); the DNA sequences of the VH genes may provide a better tool for comparison of homologous subgroups in various species. Hybridization with VH DNA probes showed a correlation between the extent of cross-hybridization and VH gene subgroups (11) . It has been shown that homologous genes ofthe same subgroup (VHIII) are physically linked and that genes of different subgroups are not interdispersed and can be ordered on the chromosome by deletion mapping (12, 13) . This indicates that throughout evolution the VH gene subgroup is maintained as a multigene family. A VH multigene family (subgroup) preserves some characteristics in the noncoding segments that are different from those ofother
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E, Coding sequences; L, leader.
VH families (11) and comparison of VH genes from different species will increase our understanding of the structural features that characterize a subgroup in coding and noncoding regions. We isolated human germ-line VH genes by cross-hybridization with mouse VHII genes (6) . The DNA sequence shows that the human genes are homologous to human VHI (subgroup I), as defined by Kabat et al. (14) and we will refer to the human genes analyzed here as human VHII genes. The homology between mouse and human VHII genes is preserved in the size [84 base pairs (bp)] and also in the sequence ofthe intron present at codon 4. Another VH gene subgroup (VHIII) contains a longer intron (102 bp) in both mouse and human (11) . The homology in both intron and framework codons between mouse and human genes of the same subgroup is greater than between VH genes ofdifferent subgroups in the same species. The sequence also suggests that DNA repeats at the 5' and 3' regions flanking the VH gene can form a large stem-and-loop structure that may facilitate saltatory replication (15) .
MATERIALS AND METHODS
A human fetal liver gene library donated by T. Maniatis was screened by plaque hybridization to plasmid pCh104 containing a mouse VHII gene (6) . Restriction endonuclease mapping of purified recombinant phage DNA was carried out as described (11) . DNA sequences were determined mainly by cloning and analysis in the M13 mp8 vector (16, 17 
Met Asp Trp Thr Trp Arg Val Phe Cys Leu Leu 293 HG3 CATCATCCM CAACCACATT CCCTTCTCTA CAGAAGCCTC TGAGAGGAAG ATTCTTCACC ATG GAC TGG ACC TGG AGG GTC TTC TGC TTG CTG GT GCC CAC TCC CAG GTG CAG CTG GTG CAG TCT GGG GCT GAG GTG MG AAG CCT GGG GCC TCA GTG AAG GTT TCC TGC AAG GCA TCT 476 
Ser Ser Leu Arg Ser Glu Asp AGC AGC CTG AGA TCT GAG GAC _-
Gin Lys Phe Gin Gly Arg Val Thr Met Thr Arg Asp Thr Ser Thr Ser Thr Val Tyr Met Glu Leu CAG AAG TTC CAG GGC AGA GTC ACC ATG ACC AGG GAC ACG TCC ACG AGC ACA GTC TAC ATG GAG CTG 650 22. bacteria. Recombinant M13 mp8 (white plaques) was plated onto a lawn of JM101 bacterial host and, after overnight growth, transferred to nitrocellulose and hybridized to 32P-labeled pChlO4. Positive plaques were picked into 1 ml of JM101 and grown for 5 hr. and the DNA was prepared and analyzed as described (18) . In some cases, sequence analysis by the chemical degradation procedure (19) was also used.
RESULTS AND DISCUSSION The Human VHI Subgroup Is Homologous to the Mouse VHII Subgroup. On the basis of the amino acid sequences, it is not always easy to relate subgroups from different species, and it was particularly difficult to discern the structural counterpart of the human VHI subgroup in other species (10) . It is shown here and in ref. 12 that the structure of the germ-line genes, including the noncoding regions, allows a better understanding of the evolutionary relationship of the VH subgroups and thus comparison among VH subgroups from different species. Several recombinant phages were isolated from a human gene library (20) by cross-hybridization with the mouse VHII gene-containing pChlO4 (6) . The sequences of two of these genes (HG3 and HA2) were determined by a combination ofthe M13 cloning/analysis technique (7) and the chemical degradation procedure (19) as shown in Fig. 1 . The sequence of >1,100 bp of a human VH gene (HG3) is shown and compared with that of the human HA2 gene and the mouse 108A gene, described in ref. 6, in Fig. 2 . The amino acid sequence deduced from the DNA sequence ofHG3 is compared in Fig. 2 with that ofa human myeloma protein Eu, belonging to the VHI subgroup (11) . The results show that protein Eu is highly homologous to the predicted amino acid sequence of HG3, differing by only 1 residue in the first 25. This suggests an evolutionary relationship between the mouse VHII subgroup (108A gene) and the human VHI subgroup. This is further supported by the homology in sequence and size of the intron at codon -4. We have shown previously that mouse VHII genes contain an intron of 84 bp (6) whereas both mouse and human VHIII genes contain an intron of 102 bp (12, 21) . The results in Fig. 2 show conservation ofthe intron size between mouse and human VHII genes and provide further evidence for their evolutionary relationship. (FR1-FR3) , the homology within a subgroup is significantly greater than that between subgroups. Moreover, the homology between mouse and human genes of the same subgroup is greater than that between VH genes of different subgroups in the same species. The homology in the intron also follows this rule and is even more significant with regard to the size of the intron (Table 2 ). This analysis indicates strong preservation of noncoding elements, in addition to the coding regions, in VHgenes ofthe same subgroup.
We have shown previously that VH genes are organized in clusters ofsubgroups that are not interdispersed but show physical linkage of the cross-hybridizing genes (12) . It is likely that each such cluster of VH genes is a multigene family that undergoes concerted evolution and preservation of the sequence characteristics of this subgroup (15) . The data presented here extend this finding to the VHII subgroup by comparing the similarity between mouse and human genes. High Proportion of Pseudogenes. As shown in Fig. 2 Fig. 2 (upper line) or as in ref. 26 (middle line). 10 20 HUMAN HG3 TCATGAATATGCAAATAACCTT (Fig. 2) an almost perfect direct repeat of segment I is found in the 3'-flanking region ofthe VH gene (nucleotides 1,008-1,016, Tin Fig. 2) and is preceded by an inverted repeat of segment II (nucleotides 996-1,007, II in Fig. 2) . Hence, segments I and II at both the 5'-and 3'-flanking regions of VH form a potential stem-and-loop structure that includes the entire VH gene (Fig. 5) . The repeats are reminiscent of the border regions in prokaryotic, viral, and eukaryotic transposable elements (27) (28) (29) . A similar structure was also found by inspecting mouse VHII gene sequences published previously (24) . The two structures of human and mouse VH genes depicted in Fig. 5 show remarkable sequence similarity at the stem-and-loop borders, although the sizes of the loops are slightly different. A stem-and-loop structure may function in generating tandemly duplicated sequences leading to amplification of VH gene families by the saltatory replication mechanism (15) . This mechanism suggests that, because of the stem-and-loop structure, several rounds of replication occur at a single initiation site, generating an "onion skin" replicated bubble. After ligation ofthe ends ofthe duplicated DNA, these replicated structures may recombine in the chromosome to generate a tandem array of gene sequences vicinal to the original gene duplicated (see ref. 30 for further discussion). Such a mechanism was suggested recently to explain somatic gene amplification and generation of multigene families (29) . These events may be very rare, as suggested by the similarity of restriction enzyme patterns of VH genes in Southern blots of DNA from various human individuals (unpublished data). However, it is possible that, at times ofgenome instability (perhaps during periods of speciation), saltatory replication may take place. The immunoglobulin VH gene families can undergo rapid evolutionary expansion (12, 15) and saltatory replication or unequalcrossing over have been suggested to explain this phenomena (15) . Saltatory replication is a more attractive mechanism to explain the concerted evolution of immunoglobulin V genes reflected in species-specific residues.
Another example for the possible involvement of DNA repeats in transposing DNA segments into genes was recently discussed by Cooke and Baxter (31) . They suggested that exon 1 of the prolactin, growth hormone, and chicken conalbumin genes was independently inserted into these genes as a mobile genetic element, as indicated by the direct repeats flanking this region in all three genes.
Regulatory sequences were recently located in immunoglobulin VH genes within 100 nucleotides 5' to the VH coding region (32) . Hence, these sequences are included in the VH gene, which may be replicated in the stem-and-loop structure shown in Fig. 5 . The replication of VH genes by a saltatory replication mechanism may be facilitated by the presence of a transposable element-like structure. This may explain some of the mechanisms operating in generating the large repertoire of VH genes and processes of rapid expansion of VH genes during evolution.
